Dark field scanning electron microscopy of unstained, unfixed samples of chromatin, histone-l-depleted chromatin, and nucleohistone has been used to identify an apparent subunit of chromatin, namely a disk-shaped structure we term the unit particle, which is probably about 135 A wide and 50 A thick in the hydrated state. The unit particles are found at rather uniform intervals along thin DNA-like fibers. Histone 1 depletion leads to a bimodal distribution of these spacings. Our observations suggest that the unit particle consists of a loop of nucleoprotein, perhaps around a histone core.
After many attempts, with limited success, to describe the structure of the eukaryotic genetic material as a continuous structure, investigators are now turning their attention to models of a more discontinuous structure, involving subunits which might be "assembled" into chromatin. The existence of such subunits has been inferred from experiments showing that the nuclease digestion of chromatin gives a discrete pattern of polynucleotide products (1) (2) (3) (4) and that specific complexes between various histone molecules can be formed in solutions of isolated histone and in chromatin (5) (6) (7) . Un- fortunately, x-ray diffraction patterns have not yielded any information about the existence or the possibilities for the internal structure of the subunit, or the manner in which the subunits associate.
The electron microscope would seem to be the ideal tool for studying chromatin, since it can be used to visualize both long and short range order and to observe individual components of a heterogeneous system, as chromatin seems to be. However, little agreement on the ultrastructure of chromatin has been achieved due to the varying appearance of the objects visualized by conventional electron microscopy, by which a range of chromatin filaments from 15 to 300 A wide has been observed (8) . The filaments have often exhibited "knobbiness" (9) and sometimes a particulate nature (10) (11) (12) (13) (14) : Olins and Olins (13) used the results of their microscopy to first suggest chromatin subunits composed of equimolar amounts of each of the five histones. Among the still unanswered questions are: (1) to what extent. is the appearance of chromatin particles dependent upon the effects of fixation and staining, and (2) what is the internal structure of the particles?
This article is a brief report of our studies of chromatin structure in very dilute solutions, including gently isolated calf thymus chromatin, both intact and depleted of the very lysine-rich histone, H1, and shear-solubilized nucleohistone. We have eliminated several sources of artifacts by observing unfixed, unstained specimens in the high-resolution scanning transmission electron microscope (15) (16) (17) . On the basis Abbreviation: H1, histone 1 (very lysine-rich).
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of our results, we propose a simple model for the internal structure of the basic subunit of chromatin, and speculate how such subunits might form the filaments found by conventional electron microscopy.
METHODS
Sample Preparation. Histone migration and proteolysis were minimized by using low ionic strength media and by including sodium bisulfite. Nuclei were prepared from calf thymus essentially following Allfrey et al. (18) with the inclusion of 10 mM sodium bisulfite, and purified through 2.4 M sucrose. Minimally sheared chromatin, in the gel state, was prepared by hypotonic shock of the purified nuclei (19 (20) .
The chemical composition and stoichiometry of the samples were characterized using the procedures of Bonner et al. (20) . Intact chromatin possessed a total histone/DNA weight ratio of 1.12 I 0.04, an H1/DNA ratio of 0.29 + 0.02, and a non-histone protein/DNA ratio of 0.55 I 0.03. The histone/DNA ratio of HI-depleted chromatin was 0.83 + 0.02; no non-histone proteins were found. The nucleohistone had a ratio of histone/DNA of 1.02 I 0.02 and an Hi/ DNA ratio of 0.14 + 0.02; no non-histone proteins were found.
All specimen solutions were "desalted" immediately before preparation, by exclusion on Sephadex G-100 equilibrated with 1 mM NaPO4, pH 7.0. About 2 gl of this Mg/ml solution of chromatin were then placed on a 20-30 A thick hydrophilic carbon film, blotted, and air dried.
Electron Microscopy. All specimens were examined at 30 keV in dark field using the high-resolution scanning transmission electron microscope developed in the laboratory of Dr. A. V. Crewe (15) (16) (17) . Microscope operating conditions were as described before, except that we chose not to outgas the specimen by baking (17) . The elastically and inelastically scattered electron signals were usually simultaneously stored in digital form directly on magnetic tape, using a 512 X 512 picture element format (16, 17 In this paper we will concentrate on the class 2 and class 3 regions, since in the specimens described they constituted about 80% of the observed material.
Nucleohistone. Shear-solubilized nucleohistone was observed, since it has been extensively used in optical and x-ray scattering studies. In the microscope such preparations clearly show filaments of class 2 and class 3 structure, of alternating particle-fiber-particle configuration ( age particle diameter was found on high magnification images to be 118 7 A. Many particles were either "U" shaped or circular with a hole in the center. The average interparticle spacing was 253 A 75 A (Fig. 2a) . Two distinct types of interparticle fibers were discovered, those of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] A width, presumably containing a single duplex DNA molecule, and those of A width, often formed by the coalescence of two of the thinner fibers.
Calf Thymus Chromatin. Because the nucleohistone preparation procedures involve extensive shearing and high salt conditions (which might lead to exchange or migration of the histone), we observed chromatin taken directly from a gel. These specimens possessed all five structural classes, with a predominance of class 3. The particle-fiber distinction is difficult to make in many areas, but is apparent from high-magnification images (Fig. 3) . The interparticle spacing distribution (Fig. 2b) is similar to that found in nucleohistone, but the particle diameters are on the average larger (Fig. 4a) (Fig. 3b and c) Hi-Depleted Calf Thymus Chromatin. Removal of HI and the residual amounts of non-histone proteins by DNAcellulose exchange reduces the amount of aggregation found, and leads to material dominated by class 2 and class 3 structures with small amounts of the others. The images of the particles (Fig. 5) , and the distribution of particle widths (Fig. 4b) fibers are found between particles, and many of the particles have less intense centers.
The spatial distribution of mass in some of these particles is more clearly presented in Fig. 6 . The scattered electron currents have been converted to a probability for inelastic scattering along six horizontal lines in the image. The height of the trace at each point is proportional to the mass thick- ness at that point on the specimen. The mass thickness is fairly constant across each particle, unlike that expected for a spherical particle. It is interesting to determine whether the observed interparticle spacing distributions are consistent with only one of two simple hypotheses: (1) The particles are randomly distributed along the fiber, or (2) The particles are non-randomly distributed on the fiber. Hypothesis 1 can be modeled by N particles on a long fiber with S binding sites, where (N/S) = a << 1, and the only restriction on occupancy is that only one particle can occupy a particular site at any time. The probability, Pz, that any two particles will be separated by exactly Z unoccupied sites is approximated by the Poisson probability that Z consecutive sites are unoccupied, multiplied by the probability that site Z + 1 is occupied, namely P. = exp(-Za)a. Thus, this model predicts an exponentially decreasing distribution.
Hypothesis 2 can be modeled by particles fixed to equally spaced binding sites and from which can be drawn, in discrete steps, equal length units of fiber. If each extension step is equally probable, and the average number of steps that has occurred is a, then the Poisson probability that Z such steps have occurred is Pz = aZ exp(-a)/Z!. Using this equation we can generate a spacing distribution similar to those we find experimentally.
The data presented in Fig. 2 are clearly consistent with hypothesis 2, but not with hypothesis 1. A wide range of fixed-particle models would be consistent with the data, but the facts that the most probable fiber length is not close to zero, and that the observed distributions can be bimodal and do not decrease exponentially even in highly extended chromatin (Fig. 2d) show that the particles are not randomly distributed. We conclude that a mechanism must exist for regulating the distance between particles and that this mechanism has not been disrupted by our preparative techniques. In addition, the data suggest that the particles cannot migrate along the fiber. DISCUSSION Visualization in dark field by the scanning transmission electron microscope of unstained calf thymus chromatin, isolated under conditions minimizing proteolysis and histone migration, has yielded convincing evidence for periodically-alternating condensed regions, or particles, and extended regions, or fibers, along the chromatin filament. In brief, we conclude the following about the architecture of chromatin: (1) The chromatin filaments in non-aggregated regions consist of particles 134 + 14 A in diameter, spaced 262 + 68 A apart along a 20-50 A wide fiber involving one and often two DNA molecules. (2) The particles are probably not spherical but disk-shaped, being about 50 A thick when hydrated, and sometimes have a central hole 36 i 9 A in diameter. (3) The particle size, height, circular shape, and lack of orientation with respect to the filament axis are most consistent with the hypothesis that the "backbone" to the structure is a loop (or loops) of DNA with a radius of 30-60 A, held in place by a very stable histone superstructure. (4) Depletion of Hi by the DNA-cellulose method does not seriously alter the features of the particles or fibers, although a unique bimodal center-to-center spacing is produced. (5) The particles are not randomly distributed along the fiber.
The validity of these conclusions is supported by independent evidence. Air drying of hydrated molecules such as ribosomes and viruses seems to cause a reduction in height but not a change in width (26, 27) . By our techniques we find the apparent width of tobacco mosaic virus particles and the dimensions of the ribosomal subunits from E. coli to be consistent with the x-ray data on the volumes of hydrated samples (23) . The accuracy of our thickness determinations has been tested by height or molecular weight determination of ribosomal subunits, tobacco mosaic virus, and micrococcalnuclease resistant chromatin fragments, "PS-particles" (1) . In the studies reported here, salt artifacts are unlikely, since analysis of the ratio of elastic to inelastic scattering (17) indicates that none of the chromatin phases contain more than two bound salt molecules per DNA base. It should be noted that increasing the ionic strength causes serious artifacts. In addition, electron radiation damage to our chromatin samples does not significantly change the morphologic features observed over an exposure range from 0.15 to 1000 electrons/A2.
It should be pointed out that many of the conventional staining or shadowing techniques have not been shown to yield reliable results, especially for highly hydrated structures. For example, (a) negative staining, positive staining, or shadowing of ribosomal subunits yields incorrect particle volumes (25) , (b) stain structure changes rapidly in the electron beams (28, 29) , (c) negative stains seem to penetrate many structures and cause local distortions of dimensions (30) , and (d) staining causes clumping of particles, such as polysomes, making distance measurements unreliable (31) . In addition, salt artifacts cannot be identified in conventional studies. Of particular relevance to interpreting previous electron microscopic images of chromatin are the changes in sedimentation velocity resulting from even mild formaldehyde fixation of nucleohistone (32) , and the likelihood of a strong interaction between phosphotungstic acid and the basic residues of histones, as well as between uranyl salts and the DNA.
The differences in specimen preparation and observation techniques may lead to the difficulty in reconciling our results with those regarding "w bodiesa, which have been reported to be 70 A spheres with greater than 300,000 molecu-lar weight (13) . We suggest, however, that the 2.8 g/cm3 density required for such particles is inconsistent with that known for any biological molecule. To eliminate any confusion between what may not be identical structures, we propose the name unit particle for the chromatin subunits we observe. Particles similar in size (100-200 A) to the unit particles were observed by Slayter et al. (10) .
Unit particles provide a more tenable basis for extensive histone-histone interactions than do spherical particles. Histone-histone interactions between disks could lead to lateral assembly and possible compaction into the 100-150 A and 200-300 A thick filaments found in thin-section microscopy.
The concept of a loop of DNA, probably around a histone core, alternating with a more extended segment of DNA, places strict constraints upon the structural models to be considered. We will discuss the implications of our results in detail elsewhere, but four features should be pointed out here.
(1) In dilute solutions of nucleohistone, an x-ray pattern due only to the particles and the fibers, and not to their packing, might be found. The radius of gyration we calculate for toroids or homogeneous disks of the size of our unit particles is about 50 A, roughly corresponding to the experimental radius of gyration in dilute solutions (33) . (2) If a nucleohistone gel were to be oriented by hydrodynamic shearing, the planes of the disks and the axis of the fibers would orient along the shear direction, leading to a net orientation of the DNA molecular axis, resulting in the meridional orientation of the x-ray pattern (34) and absorption dichroic ratios greater than one (35) . However, lateral stacking of the particles in the oriented gels might lead to equatorial orientation of the 55 A reflection. ( 3) The interparticle spacings might provide the basis for the recent observations by neutron diffraction of 400 and 200 A spacings which seem to be concentration independent (36) . (4) The significant amount of free fiber(s) which can be associated with the unit particles might provide binding sites for non-histone proteins without requiring extensive restructuring of the histone-histone, histone-DNA or particle-particle interactions.
It is hoped that our concept of the structure of the unit particle will stimulate further experiments to determine the internal organization of the unit and the role it plays in the architecture of the thick filaments of chromatin.
Note Added in Proof. Recent examination of intact calf thymus chromatin which had been extensively fixed with formaldehyde in either 0.5 mM NaPO4, 0.15 M KCI, or 0.65 M NaCl has confirmed the existence of unit particles over this wide range of ionic conditions, and that fixation does not seem to change the size or morphologic features of the particles. Furthermore, silicotungstic acid has been found to positively stain the histones within particles, but not bind to the interparticle fibers, suggesting that reactive histone groups are not present in the fibers, and that similar tungstates might not be reliable negative stains for chromatin.
